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1. Introduction 

l> 

Electro-magnetic radiation is an excellent probe for extracting thermodynamical 
■ information. They are emitted from all the stages of collisions, and don't interact 

strongly with medium once produced. Therefore, many heavy ion experiments 
have explored the radiation. As stated in several literatures [ HJ [2] , the electro- 
magnetic radiation stands for a direct radiation from the matter produced or a 
prompt reaction such as initial hard scattering. In this sense, 7r°, 77, p, u> or <p mesons 
decaying into photons or leptons are not defined as electro-magnetic radiations. 

The electro-magnetic radiation is primarily produced through a Compton scat- 
tering of quarks and gluons (qg — > 57) and an annihilation of quarks and anti-quarks 
(qq — ► gj) as leading order processes, and the next leading process is dominated by 
bremsstrahlung (fragment) (qg — ► qg"f). There is also a prediction of a jet- photon 
conversion process, which occurs if a QGP is formed, by a secondary interaction of 
a hard scattered parton with thermal partons in the medium [GH S]. 

A calculation predicts that a photon contribution from the QGP state is pre- 
dominant in the px range of 1< px <3GeV/c [ 5 . The signal is usually seen 
after subtracting photons from known hadronic sources. The typical signal to back- 
ground ratio is ~10%. For px >3GeV/c, the signal is dominated by a contribution 
from initial hard scattering, and px <1 GeV, the signal is from hadron gas through 
processes of irir(p) — > 7p(tt), ttK* — > and etc.. 
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One of the big successes by now in electro-magnetic radiation measurement is 
the observation of high px direct photons that are produced in initial hard scatter- 
ing [ [5] . The high px hadron suppression found at RHIC is interpreted as a conse- 
quence of an energy loss of hard-scattered partons in the hot and dense medium. 
It was strongly supported by the fact that the high pt direct photons are not sup- 
pressed and well described by a NLO pQCD calculation. 

Photons are converted into virtual photons with a certain probability via inter- 
nal conversion process (e.g. qg — > 97 — > q"f* — > ql + l~). This fact opened up various 
approaches of looking at "photons" over a broad range of energies in a mid-rapidity; 
for low energy "photons" (E <lGeV), photons can be measured via low mass and 
low px dileptons (virtual photons) that decay into electrons. High energy photons 
(E >5 GeV) can be measured as themselves with an electro magnetic calorimeter. 
In the intermediate energy region (1< E <5GeV), both dileptons and real pho- 
tons can be measured, and helps disentangling various contributions. The idea is 
illustrated in Fig. Q] 
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Fig. 1. Prediction of dilepton yields at high mass and low px, and low mass and 
higher [E]. The shaded bands show similar kinetic regions, and one can disentangle 
contributions by comparing the yields. 

In this paper, electro-magnetic radiation is landscaped by reviewing the latest 
results on direct photon and dileptons from the PHENIX experiment. 



2. Dilepton (di-electron) measurement 

Dileptons (di-electrons) have been measured at the PHENIX experiment using the 
high statistics Au+Au data in Year-4 [0 [8j. Electrons are tracked by a drift cham- 
ber with an excellent momentum resolution. A Cherenkov counter in the PHENIX 
experiment that has a hadron rejection power on 10 for a single track separates 
electrons from 7r+/ _ well up to 4.9GeV/c. The Fig. [Ha) shows the dilepton mass 
spectra for ~700M minimum bias Au+Au events. The px cut of 0.3GeV/c is ap- 
plied for single electrons. The ratios of several mass ranges are shown in Figs. EJ^b) 
and (c). The mass region of 0-100 MeV/c 2 represents mainly a contribution from 
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minimum bias Au+Au @ \ls = 200 GeV 




Fig. 2. (a) Invariant mass distribution of dilcptons with cocktail calculation from 
hadron decays (left). Ratios of yields in (b) 150-300 MeV/c 2 (right top) and (c) 
1.1-2.9 GeV/c 2 (right bottom) to that in 0-100MeV/c 2 , as a function of centrality. 

7T°'s. In Fig. [Kb), the ratio of the yields in 150-300 MeV/c 2 to 0-100 MeV/c 2 is 
shown with the one from known hadron decay contribution as a line. Although the 
systematic error is large, there is an excess in most central collisions. This mass 
region corresponds to the kinematic region where hadron-gas interaction plays a 
main role. 

In Fig. 12(c), the ratio of yields in 1.1-2.9 GeV/c 2 to 0-100 MeV/c 2 is shown. The 
ratio stays a constant up to mid-central and drops in the most central collisions. In 
order to investigate the source of contributions in the mass region, a nuclear modi- 
fication factor (Raa) for the yield in the mass region was calculated and compared 
with those for single electrons and 7r°'s (Fig. [3]). For dileptons, the R cp (central to 
peripheral yield ratio) is plotted instead of Raa because there is no reference data 
from p+p collisions. The result shows that the yield follows the suppression pattern 
of single electrons and 7r°'s that mainly come from semi-leptonic decay of charm 
quarks and jets, respectively. The suppression of intermediate mass dileptons could 
attribute to an energy loss of charm quarks, but may also be related to alteration of 
an opening angle of two electrons coming from back-to-back cc pairs. The thermal 
radiation is also expected to exist in this region, but is not clearly seen with current 
errors. 



3. Direct photon measurement 

Direct photons are measured in Au+Au collisions at v /satat=200 GeV, and p+p 
collisions at ^=200 GeV as shown in Figs. 2] [[9]. The direct photons in p+p colli- 
sions are measured up to 25GeV/c, and can be used as a reference for quantifying 
a medium effect in Au+Au collisions. The data is compared with a NLO pQCD 
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Fig. 3. Nuclear Modification factor (Raa) for intermediate mass region (1.4- 
2.8GeV/c 2 ) compared with those for single electrons (pt > 0.3GeVc and pr > 
2.0GeVc) and ir°s. Note that R cp (central to peripheral yield ratio) is plotted for 
dileptons. 



calculation [ 111] , and found that it is well described by the calculation within ^40 % 
down to 5GeV/c. Since the px binning is different between Au+Au and p+p re- 




Fig. 4. (a) Direct photon results in Au+Au collisions at ^/snn— 200 GeV (left) 
and (b) in p+p collisions at ^=200 GeV (right). 

suits, the p+p data is fitted with a power-law function to interpolate the px points 
of Au+Au data. The fit describes the data very well within ~5 %. Fig shows 
the Raa of direct photons in Au+Au collisions. In Year-2 data, we were not able 
to reach above 12GeV/c, where the Raa was consistent with unity, and thus con- 
cluded that direct photons are unmodified by the medium. The latest data shows 
a trend of decreasing at high px (pt >14GeV/c). 



Electro-magnetic radiation at PHENIX 



5 



Direct Photon Au+Au \|sj^ = 2QQGeV, min. bias 



1.1 
1.6 
1.4 
1.2 
1 

0.8 
0.6 
0.4 
0.2 

0. 



1. PHENIX 
: preliminary 



[Direct Photon Au+Au\fi^ = 200GeV, 0-10% | 

< 2r 



I_ PHENIX 
: preliminary 



8 10 12 14 16 



Pj-(GeV/c) ryBjfGev/ij) 

Fig. 5. Direct photon in (a) minimum bias (left) and (b) 0-10% (right) 

Au+Au collisions at v /saT/v=200 GeV. 



There are several implications of the data such as suppression of fragment pho- 
tons ( 30 % of total NLO pQCD photons at 14 GeV/c, and decreases as pt increases.) 
due to an energy loss of quarks, or an isospin effect [H2]. Here, simple models are 
proposed to understand the result [ [TU] . The major contribution to direct pho- 
ton production at the pr range of the interest is from Compton scattering process 
(Q9 ~ * Ql)i therefore, we can assume that the yield is naively described as: 

Yield{x T ,Q 2 ) = F 2p {x T ) x g p (x T ) x a dir ^(x T , Q 2 ) 

where F 2p is the quark parton distribution function (PDF), and g p is the gluon 
PDF. The Raa can be written as: 

= d 2 a 1 AA /dp T 2 dy ( F 2A (x T ) g A {x T ) \ 
AA AAcPa^P/dp^dy ~ \AF 2p (x T ) X Ag p (x T ) J 

The PDFs are shown in Fig. Ufa) [ [13] . The decrease of the yield in Au+Au starts 
at ^12GeV/c and drop by ~30% at 18GeV/c, which corresponds to x = 0.12 to 
0.18. Just from the parton distribution function, it seems that the significant drop 
of Raa at high px is not well explained. The structure function can be measured 
in a future high statistics d+Au collisions. 

The isospin effect is an effect caused from the difference of the quark charge 
contents in neutrons and protons. The photon production cross-section is propor- 
tional to aotgYie 2 ,, therefore the yield of photons will be different between n+p, p+p 
and n+n collisions [QT]. A gold ion consists of 79 protons and 118 neutrons. We 
can calculate the hard scattering cross-section for minimum bias Au+Au collisions 
by weighting those for n+p, p+p and n+n as follows: 

lf A - x (Z 2 a pp + 2Z(A - Z)u pn + (A - Z) 2 a nn ) 
< iV co « > A 

The Raa expected from isospin effect can be calculated as: 
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Fig. 6. (a) Parton distribution functions and (b) expected isospin effect in Au+Au 
collosions calculated from n+p, p+p and n+n direct photon cross-sections. 

Fig. \$[b) shows the Raa calculated in this way. The calculation at y / J/vw=200GeV 
is shown in red. There is ~15% drop at 18GeV/c caused by the effect. If we 
combine the structure function effect with the isospin effect, the data could be 
explained. It also means that the direct photons may not be modified by a medium 
as expected. For a reference, the one at y/SNN—Q2A GeV is also shown as blue. It 
is seen that the suppression is larger at the energy because the effect scales with 
xt as shown in the bottom of Fig. [2Kb) . The calculation suggests that by looking 
at a 62.4 GeV result, we can quantify the isospin effect in Au+Au collisions. The 
analysis is ongoing. 

4. Direct photon vi 

The contribution of photons can be disentangled by looking at the yield as a func- 
tion of their emission angles with refer to a reaction plane. Figs [7] show predictions 
of elliptic flow depending on emission sources [HH [15] . The flow of photons from 
hadron-gas interaction and thermal radiation follows the collective expansion of a 
system, and would give a positive v^. The yield of photons produced by a Comp- 
ton scattering of hard scattered partons and medium thermal partons (jet-photon 
conversion) increases as the thickness of the matter to traverse increases, and thus 
gives a negative vi- The bremsstrahlung photons will also increase in out-plane, 
and gives a negative vi- The intrinsic fragment or bremsstrahlung photons from 
jets will be increased in in-plane, since a larger energy loss of jets in out-plane will 
result in a lower yield of photons originated from the jet at a given px- 

PHENIX has measured the V2 of direct photons by subtracting the v-i of hadron 
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Fig. 7. Predictions of elliptic flow of thermal (hadronic gas and partonic state) pho- 
tons (left), and jet-photon conversion, Bremsstrahlung and initial hard scattering 
photons (right). 



decay photons from that of inclusive photons as follows: 

„. incl. „, bkqd. 
„, dir. y 2 ~ v 2 u 

V2 ~ R=l 

where 

(t/ 71 " )meas 

comes from the spectral analysis [[9]. The result is shown in Figs .181 [ITS]. Although 
the systematic error is very large, the Vi of direct photons tend to be positive 
in 3-6GeV/c independent of centrality, which is opposed to the predictions. The 
reduction of the systematic errors is now ongoing to make the final conclusion. 



5. Conclusions 



Recent results on direct photons and dileptons from the PHENIX experiment opened 
up a possibility of landscaping electro-magnetic radiation over various kinetic en- 
ergies in heavy ion collisions. A detail discussion is given based on a review of the 
results. The direct photon result in 62.4 GeV Au+Au collisions will disentangle the 
effect involved at high px ■ 
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